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Abstract: The MIO missionconceptinvolves atight swarm of satellites igeosynchronousrbit
that are magnetically connected tgraund-baseabservatorywith a satellite-based electrdream
establishing the precise connentto theionosphere. Thaspect of thignission thaienables it to
solve the outstanding auroral problenibging inthe rightplace at theight time —and knowing
it". Each of the manyauroral-arc-generator mechanisrtigat have been hypothesizethas a
characteristic gradient in the magnetosphere dsgsrprint. The MO mission is focused on (1)
getting inside theauroral generator ithe magnetospher€?) knowing you are inside,and (3)
measuring critical gradients inside the generdtoe. decisive gradient measurements are performed
in the magnetospheraiith satellite separations ofl00’s of km.The magnetic footpnt of the
swarm is marked in the ionosphere vathelectron gufiring into the loss cone from onesatellite.
The beamspot is detected from greundoptically and/or by HFradar,and ground-basecuroral
imagers and radar provide the auroral context of dhtellite swarm.With the satellites in
geosynchronousrbit, a single ground observatory carspot the beam image&nd monitor the
aurora, with full-time conjunctions between the satellites and the aurora.



Table of Contents

Section Page

1. Introduction and Synopsis 3

2. Why Study Auroral-Arc Generators? 5

3. The Mission Concept 8
3.A. Ascertaining the magnetic-field-line mapping 8
3.B Measuring gradients in the magnetosphere 19
3.C The Auroral Observatory 21

4. Other Science 25
4.A Magnetosphere-ionosphere coupling 26
4.B The cause of other types of aurora 27
4.C Quantifying the feedback of aurora on the magnetosphere 27
4.D Field-line mapping dynamics 28

5. Facility Use and Campaign Possibilities 29

6. EPO Themes 31

7. Summary 33

8. Personnel 34

Appendix A: Optical Spotting of the Illluminated Footpoint 35

Appendix B: Beam Divergence and the Loss Cone 41

Appendix C: Electrostatic Two-Stream Instabilities 59

References 62



1. Introduction and Synopsis

From the magnetospheric-physics pointviefv it can besaid thatthe aurora istherefor a
reason, but welon’'t know why, an so we don’know theimpact that theaurorahas on the
dynamics ofthe magetosphereFrom anauroral-physicgpoint of view it can besaid that no
complete model of thauroracan beconstructed because we don’t knavat isgoing on in the
magnetosphere.

The auroratap largeamounts of energy frorthe Earth’s magnetosphere, but waon't
know what form of energy is tapped: be itZEBn magnetic energy, pKTj ion thermal energy,

nkgTe electron thermal energg;év2 turbulent flow energ;pv2 bulk flow energy, etcWith alarge

energy extraction, the aurora has an impact on the dynamics of the magnetosphere, but not knowing
the form of the energy that extracted, tha@ature of thampact is notknown, be it morphological
change, ion pressure release, electron pressure release turbulence dissipation, flow braking, etc.

Geosynchronous Satellites Remain Magnetically
Connected to the Ground-Based Observatories

auroral
magnetic-field line
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lonospheric
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1 satellite carries electron gun to mark footpoint

Figure 1. A sketch of an auroral-arc magnetic-field line with the locations of the MIO swarm of
4 satellites and the MIO ground-based auroral observatory shown.

To discernhow energy is tappeffom the magnetosphere, tihdagnetospehre-lonosphere
Observatory (MIO) will determine the generator mechanism of discrete aarcsalwhich are the
small-scale sites of large energy extraction. The strategy udddyo determine the mechanism
that operates is (1) get tigtiuster ofsatellites into thgd~1 magnetospheric end of an auroral arc,
(2) unambiguouslyletermine that the satellites are in #Hre, and (3) measurecritical gradents



across the arc. The critical gt€) is accomplisteeby mean®f an electrorgun onone satellite in

the swarm that fires a beam into the atmospheric loss cone to illuminate the ionospheric footpoint of
the magnetospheric satellite swarbmoking from the ground atthe position of the marked
footpoint in the context of the aurora, the times at which the satellite ssyassesauroral arcs can

be unambiguously determined.

The mission iscomprised of 4satellites in a tight swarr(+-100-km separations) in the
equatorialmagnetosphere aeosynchronousrbit (r = 6.6 R=) and a sigle ground-based
observatoryunder the auroralionosphere (see Figurg). Spotting the illuminated magnetic
footpoint will be done from the auroral observatory optically andf&oHF radar. @osynchronous
orbit is chosen because the footpoint will alwiagsn view from a singlgroundstation, providing
full-time conjunctiondatabetween thesatellite-swarmmeasurements ithe magnetosphere and
spatial-temporal images of the aurora in the ionosphere from the ground observatory.



2. Why Study Auroral-Arc Generators?

Auroral arcs are narrow east-west-aligned shefeédectron precipitation that produce east-
west curtains of airglow in the upper atmosphere. The sheet electrons produce east-west channels of
enhanced ionization in thenosphere, and auroratcs have intense field-alignesheet currents.
Auroral-arc magnetic-field lines are sites of intense energy extraction from the magnetosphere. This
extracted energy goes into powering éfextron sheet beamshich inturn depositheir energy in
the upper atmosphere, and into the driving of current systems that close in the resistive ionosphere.

The aurora has a significant impacttbe magnetosphere. Alio30% ofthe energy budget
of the magnetotail goesato Joule heating angrecipitation heatingf the auroraionosphere. The
impact of atmospheric precipitation losgeshe auroral zone ialso significantAbout 10% of all
plasma-sheet ions are ldstprecipitation as théns convectpastthe dipolefrom the nighside to
the dayside and abot0% ofall plasma-sheet electromse lost to precipitation as thegonvect
past the dipole from the nightside to the dayside.

The typeof energyextractedby the aurorafrom the magnetosphere is nkhown, and so
the impact of thewurora onthe magnetosphere is not known.Has notbeen discernesvhether
82/81'[ magnetic-field energy is extracted, oigk ion thermal energy, or 1T e electronthermal

energy, orpéSv2 turbulent flow energy, orpv2 convective flowenergy, etc. So it i:ot known
whether the impact of auroral energy extraction is imaggical change of the magnetosphere, ion
pressurerelease electronpressurerelease turbulence dissipation,div braking, etcOne cannot
assessvhetherauroral energy extraction enables Eaniward convection of the magnetotaiia
morphology changes or pressure release reducing the entropy of flux tubes) or &isdbleard
convection (via flow braking).

As noted inthe sketch inFigure 2,an auroralarc involvestwo mechanisms, generator
mechanim that extractsenergy fromthe magnetosphere tpower the arcand anaccelerator
mechanism that producesthe sheetbeam of energetielectrons.The acceleratosite plus the
resistive ionosphere produce loads for the generator.

In Table 1 isalist of some ofthe generatomechanismdor auroral arcs thabave been
hypothesized irthe literature(see Borovsky[1993] for elaboration ofthese mechanismsitach
mechanism has a uniqoegnetospheric fingerprimt the sense that it isssociatedvith a unique
radial gradient that can beeasured irthe magetosphere. As noteith the table, the different
auroral-arc-generator mechanisniave different consgquences for the operation of the
magnetospheréne reason for wanting ttetermine whictgenerator mechanisoperates ighat
until the method ofnergyextraction isknown, theeffect thataurorahave onmagentospheric
dynamics cannot be ascertained and understandingf magietospleric evolutionand dynamics
will remain incomplete.
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Figure 2. A sketch of an auroral-arc magnetic field line. Two mechanisms are operating, an
accelerator mechanism is the very-low-p plasma near the Earth and a generator mechanism in

the B~1 magnetosphere.
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Table 1. A list of hypothesized auroral-argenerator mechanisms, the gradient in the
magnetosphere thaitill identify them, and theimpact on magetospheric dynamicshouldthey

operate.

GENERATOR MECHANISM UNIQUEBSERVABLE FEEDBACK ON
MAGNETOSPHERE

Velocity Shear Abrupt velocity shift across ar¢ Auroral arcs act to brake

magnetospheric flows

lon Pressure Gradient

lon-temperature jump acenss

Auroral arcs act to relieve

pressure in the magnetosphere

D

Electron Pressur&radient

Electron-temperature
across arc

jump

Auroral arcs act to Relieve
Pressure in the magnetospherg

Resonance Absorption

Change
across arc

in AC Poyntifigix

There is a rapid transport of
energy to the plasma sheet

Particle Anisotropies

Changa pitch-angle
distributions across arc

Auroral arcs act to cool the
plasma sheet

lonospheric-Conductivity
Feedback

Distinct flow directions relative
to arc drift

lonosphere controls energy flo
from the Magnetosphere

w

lon Streams

Field-aligned ionsithin arc

Auroral arcsconnect to particle
energization sites

Electrostatic Turbulence

Fluctuating-Fields and flows
around arc

Aurora dissipates flow
turbulence in the
magnetosphere

PlasmaFlow acrossConducting

Channel

Deflection of radialflow across
arc

Auroral arcs act to divert.
magnetospheric convection

Anotherreason for wanting tcascertain the generator mechanism of auemad is that a



comprehensive moddbr an auroral arc isimpossible to constructvithout knowing how the
generator works. Adepicted in Figur@, an auroral argwolves anacceleration mecham acting
near the Earth and a generator mecharasting outin the nmagnetospheréviany spacemissions
have been dedicated to studying the acceleration region of aamcsa.g.INJUN-5, OGO-6, S3-

3, DE-2, AUREOL-3, Viking, Akebono, Poldfreja, Magion 2+3nterball Auroral,and FAST, but
no missions have been aimed intogleaerator region of aurdrarcs. The science of the generator
is overdue.



3. The Mission Concept

The MIO mission concept is 4 satellitesaitight swarm irthe equatoriamagnetosphere in
geosynchronous orbit and a ground-based observatory thedaragnetidootpoint of the swarm.
One satellite carries an electron gun that is used to tmarkagnetic footpoinf the swarm in the
ionosphere. The ground-baselservatory determineshat kind of auroral featurethe satellite
swarm is in andhe swarmmakescritical gradient measuremenis the auroral magnetosphere.
Auroral arcs are the primary focus of MIO.

The evidence thatauroral arcscan be conjugateo equatorial magnetosphere at
geosynchronous-orbit is threefold. The festdence comesom the use ofmagnetic-fieldmodels
to map lowaltitude auroralstructures outard along magnetic-field lines to the equatorial
magnetosphere. For instance, the mappiriggiinstone et a[1991] finds that the auroralval as
seen by the Viking spacecrain come deemto the dipolamagnetosphere ahe nightsidege.g.
into L ~ 5. Similarly,Lu et al.[2000] find auroraintensifications mappingp thegeosynchronous
region ofthe magetospheg. Thesecondevidencecomes from matchinthe electrondistribution
functions measured olow-altitude and equatorial spacecratind then pleing the low-altitude
position of the best match into the context of the aurora from auroral infagemstanceVeng et
al. [1979] andMauk and Mend1991] found thatauroral arcs could residequatorward of the
footpoint of a geosynchronousatellite in theequator,ndicatingarcs inthe magnetosphere closer
to the Earth thageosynchronousrbit.. Thethird evidencecomes fromthe observations in the
equatorial magnetosphere of outflowing auroral beams of eleckFonsnstanceVicllwain [1975]
andKremser et al[1988] saw beams ofrergetic,field-alignedelectrons in thegeosynchronous
equator that are attributable to auroral-acceleration processdddetyn et a).1995].

3.A. Ascertaining the magnetic-field-line mapping.

In the past, satellites have undoubtedly flown through auroral structures in the
magnetosphere. Unfortunately, ocan’t tell whenthis occurred.Magnetic-field moded of the
magnetospherare not accuratenough to be used twonnect thepositions of satellites in the
magnetosphere tmdividual auroral featuresHones et al. 1996; Weiss efal., 1997]. Besides,
auroral curentswill produce localized distortions ofthe magnetic-fieldnappings thatare not
included in thesdield models. The onlyway to ascertain the magnetic-field-line connection
between thenagnetosphere andnosphereaccurately iswith the use of anelectron beam fired
from the magnetosphere that illuminates the ionospheric footpoint of the field line.

By firing a beam of engyetic electronsfrom a satelliteinto the loss cone, airgpw and
enhanced ionization can be guzed inthe upperatmosphere otthe magnetidootpoint of the
satellite. This airglow can be detected vgreaund-based camegand/or thisenhance ionization can
be detected via ground-based HF radar. With either technology, the footpoint can be located and put
into context with the aurora using auroral images obtained from the ground.
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For optical detection to b&asible, theelectrongun must be powerful enough so that the
airglow of the beamspot in the ionosphere can be seen against an auroral-airglow background. A 10
kw beam will suffice (see Appendix A). For radar detection, the electron gun must prdokes® a
of sufficient power and sufficient total energy to create sufficient ionization in the upper atmosphere
so that radar can produce a detectable echo. A 10-kW beam with a durdidnsetis more than
sufficient (see Appendix B).

A beam-firing sequence @5 second®n, 0.5 secondsff, 0.5 seconds on ienvisioned
(see Appendix A). How often the beam is fired Wwél determined by the sipéthe solampanels on
the gun-bearingsatelliteand by thechoiceof the power-storagesystem forthe gun (batteries or
capacitors)Firings of atleastseveraltimes per hourare envisionedwith pehaps a bursimode
controllablefrom the ground to use during optimaluroral times. The plasma contactor will be
operatedduring the beantirings, sofor a few-second-longnterval during the operation of the
electron gun and plasma contactor som@imeasurements malolgthe gun-bearingatellitewill
be interfered with.

Owing to space-arge effects during the flight of the beamfrom the equator to the
atmosphere, there is a limit to the numilher of electrons hat can beshotinto thelosscone. The
concept of this limit is as follows (see Appendix C for elaboration). The beam of electrdosgs a
cylindrical stick of negativespace charge. The highise currentof the beam,the moreelectrons,
and the greater the amount of spelearge. The space chamgfehe beamproduces aadial electric
field which causes a hal expansion ofthe beam. The outwareelocity of the beamelectrons
introduces alivergenceangle to thébeam,and sincehe beam islaunched in the direction of the
Earth's magnetic field, the divergence is synonymous with a spread in pitch angles. Too much space
charge will result in to much radiakexpansion othe beam,which will result in toolarge abeam
divergence tdit into thelosscone. Sincghe amount of space charigeproportional tothe beam
current, and because the power deliverethbyoeam iproportional tothe beam current, &mit of
the space chargepresentdimits on the powerand currenthat can reach thatmosphere. The
critical amount of space chardehich is afunction of the beamvelocity, the beam current, the
initial radius of the beam, and the ambient magnetic field strength sattikte), is calculatettom
numericalsimulations ofcylindrical electronbeams. Th simulationsaccountfor (a) the space-
charge expansion adhe beam,(b) the magnetipinch forceacting toopposethe expansion of the
beam Miller, 1982], (c) the Lorentz forcef the radiallyexpanding electronmoving across the
Earth's magneti@ield, and (d)the relativistic-mass effeethich retards thexpansion othe beam
electrons. Ta dominant are (a) an@). As the beampropagates iexpandsoutward, with the
expansioreventuallybeing halted by thd_orentz force ofthe Earth’'smagnetic field. The limiting
space charge (and power and current) isiobtl by mateing the anguladivergence othe field-
aligned beam to the size of the lassie. The maximurpower that can bput intothe atmosphere
from the geosnchronous equator is plotted as a function of electron-gun voltage in Figure 3. Details
of the calculations appear in Appendix B.
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Figure 3. A plot of the maximum power that an electron beam can deliver to the atmosphere
from the geosynchronous-orbit equator versus the beam voltage. The calculation is based on
matching the amount of space-charge expansion of the electron beam after it leaves the electron
gun with the angular size of the atmospheric loss cone. The empirical expression for the
maximum power is shown in the figure.

There is a probability that ambient ions in the magnetospheresadt aftembout 10 msec
to the space-chargelectric field of the beamand will be drawn intathe path of thebeam to
electrostatically shield the beamgfsace chargayhich will reduce thalivergence of théeam. This
is known as "ionfocusing" ofthe electron beanBprov and Rosenzwei994]. Shouldhis ion
focusing occur, it will be good: it ivallow higher current beams to lbsed alower gun voltages
to deliver the power, whichwould save weighbn the spacecraft. Since i$ difficult to assess the
effectiveness of this ion focusing, the MIO mission is designed without this ion focusing occurring.

The technology obperating high-poweelectronguns inspacehasbeenverified. Electron
gunswith powers of 30 kW Q’Niel et al, 1978] and 40 kW McNutt et al. 1995] have been
operatedpeamswith currents of up to 18 Aavebeen flown Rappaport et al1993] and gun
voltages of 45 kV \Vinckler et al 1975] havebeen flown.Operating arelectrongun inthe low-
density magnetosphere will require the oba plasma contactor (s@able 3) thatanemit an ion
flux exceeding the electron-bedlux to preventspacecraft chging duringbeam operationKfatz
et al, 1994; Prech et al. 1995]. Duringthe several-seconds-longterval of operation of the
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contactor,some ofthe measurements othe gun-bearingsatellite (e.g. electric fields) will be
perturbed.

The 60-kV,166 mAelectron beanfrom the MIO electrorgun shouldpropagatethrough
the magnetospheravithout disruption by phsma instabilities. An asssment othe threat of
plasma-wavenstabilitiesdriven by theelectron beanpropagatingthrough the magnetospheric
plasmafound thatelectrostatianstabilitieswill not be a problenfor beampropagation from the
satellite to theatmosphere. Thearrow, cylindrical beammakes apoor driver for plasmawaves;
hence the beawill not interactstrongly with the ma@netospheric plasmaJsing the analysis of
Galvez and Borovskj1988], it isfound thatthe absolute growthlengtfor streaminginstabilities
driven by the MIO beam is a few 10's of Earth radii for a continuous beam, and farthgoulsed
beam (see Appendix C for details). Hence, cattering of thebeamelectrons is expecte&or the
MIO beam passing throudhe denselasmaemitted by the plasmeontactor, Vlagv calculations
[Peter Gary, private commuigation] find that the wavelengths dle plasmavaves thathe beam
tends todrive are alwaysnuch longerthan thediameter ofbeam, so again, ithe spirit ofGalvez
and Borovskyf1988], thebeamcannoteffectively drive annstability andthe beam will not suffer
scatteringas it propagates througkthe denseplasma-contactor plasma. An assessment of the
susceptibility ofthe beam taisruption bythe hose orthe sausge electromagnetidnstabilities
[Miller, 1982] found thatneither instability will interferewith beam propagationthrough the
magnetospherdexperimentally similar beamshavebeendetected aftefong-distance propagation
throughthe magetosphere. Beamaith energies of up to 40 kWerepropagated long distances
throughthe magnetosphere ithe Echoseries ofexperiments Hallinan et al, 1990; Winckler,
1992] and electron beams of 27 kV, 0.5 Aamal 15 kV, 0.5Amp on the tv@ ARAKS experiments
were propagated 8.2gRhrough the magnetospheséhout disruption Pellat and Sagdeev1980;
Lavergnat,1992]

As discussed in section 3glow,the opticalbeamspottingcamera isenvisioned to be a
meso-scal€CCD camera witha viewingangle of about 36 by 30°. The technology of optically
detecting the illuminated footpoint has been verified: eledieams with less thatD kW of power
have been optically detected from the groaftdr they have propagatddough themagnetosphere
into the upper atmospherdwo examples are the detection of3at kW beam byDavis et al.
[1980] duringthe NASA 12.18 NE beam experimenusing a ground-based image-orthicon
television camera and the detection &.4 kW beam in theecho-4experiment byHallinan et al.
[1990] using a ground-based igeaorthicontelevision. In theEcho-4 experiment, thdbeamspot
was imaged after the beam had propagated twice through the magnetosphere at L = 6.5.

The spatial distribution of the production of ionization in the upper atmospheatigated
asfollows. For agiven beampower flux, beam rads, beam-electron energgnd beanelectron
angular distributionat the top of theatmosphere, a largaumber ofindividual electronsthat
representthe distibution of beam electrons impinging onthe atmosphereare followed
computationally as thesnovethrough andnteractwith the atmosphereprecisely as waslone in
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the Appendix ofBorovsky et al[1991]. To follow the motionof the beamelectrons in the
atmosphere, the computealculation iteratedetweenthree steps:the computer(1) solves the
equations of motioffior anelectron in theEarth'smagneticfield, (2) decreaseghe velocity of the
electron according to a Betlséopping-power guationfor anelectron inair, and (3) determines a
probability for elastic scattering of the electron off air molecules as it moves and angular scatters the
electronrandomly according to that probabilitfhe atmospheric profile is obtaindcbm the
MSIS-86 atmospheric moddtgdin 1978], thestopping-poweformulation isgiven byeq. 4-124
of Marmier and Sheldofl969] with amean ionization potential of 92 €dr nitrogen-like atoms
[Ahlen 1980], and theneasured angular-scatteriogpsssections ofRiley et al.[1975] and Fink
and Ingram [1972] for electrons omitrogenareused toconstructelastic-scattering probabilities.
The ionization produced lizie electroralong its path isalculated byassigned on@nization per
35 eV of energy lost Banks et al.1974] onthe path instep 2above. Thenumber ofionizations
produced by the many electrons is binned onto a three-dimensional spatisitig&em horizontal
resolution and 1-knvertical resolution. The numbeof ionizations prodced onthe grid is
converted taan ionization ratéy comparing thenumber of electronsomputationally followed to
the actual number of beam electrons per second impinging on the top of the atmosphere.

The 60-kV MIOelectron beam will produce an opticeamspot that is a cylindenth an
effective height along theagnetic field ofabout 7 kmand aneffective widthacrossthe magnetic
field of about 31 m (cf. Figure 4, 5, and 6). @e CCD image of thebeamspottingcamera, with a
pixel resdution of about0.5 km onthe sky, thellluminated magnetic-field lie will appear as a
coherent streak aligned with the magnetic-field direction.fabes thatthe beam wilform amulti-
pixel streak and that subsequent beam-on and beam-off images vadntgared,makes the
detection of the MIO fapoint agaist an auroral-illuminatiorbackgroundstraightforwardwhen
there is 10 kW of beam power.
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Figure 4. A computer calculation of the intensity of the 3914-A band emission for a 60-keV,
166 mA beam of electrons hitting the upper atmosphere. The paths of 2000 beam electrons as
they scattered through the upper atmosphere were followed. The Earth's magnetic field is taken

to be vertical. The total amount of emission is 30 Watt.
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Figure 5. The vertical profile of airglow produced by 60-keV election beams impinging on the
topside of the ionosphere obtained by horizontally integrating the beamspot of Figure 4. The grid
marks are 10-km apart.
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Figure 6. The horizontal profile of airglow produced by 60-keV electron beams impinging on
the topside of the ionosphere obtained by vertically integrating the beamspot of Figure 4. The
grid marks are 10-m apart.
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Note that the beam of electromgl not exactly follow a single magnetic-field lifeom the
gun satellite to theatmosphere. Owing tourvatureand gradient driftsthe electronsf the beam
will drift Eastward as they traverse the distance. In Figuhe total amount efastwardshift in the
atmosphere is plotted as a function ofdéljeatorial pitch angle ofie beam electron. THess cone
is about2.40. Ascan be seen, trghift in the beam enterinthe atmosphere is abo@20 = 15
meters eastward of the magnetic field line. For east-west aligned auroral structures this shift will not
hinder determiningsuch things aghe timesof auroral-arccrossings.This beam shift can be
accounted foand theposition ofthe foopoint can be determined fast order bysubtracting the
theoretical beashift from the location of thesighted beamspot. Asan be seen ifrigure 7, in
addition to the eastward shift, there is also an eastspesad to thébeam enterig theatmosphere.
This spread is £15 m. (The gyroradius of a 60-keV electron norntlaé tmagnetic fields 14 m.)
This spreading isomparable to thepreading produced tmospheric scating (sed~igures 4
and 6).In Figure 8the north-south spread diie beanelectrons as thegnter theatmosphere is
shown. Ascan be seen, theorth-south spread igbout £9 m. This isomewhatess than the
spreading that will be produced by atmospheric scattering.
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Figure 7. The eastward shift of the beam electrons in the atmosphere is plotted as a function of
the equatorial pitch angle of the electron. The data is obtained from high-resolution electron-
trajectory calculations in a dipole magnetic field.



a0 60-keV Electrons 1
é | |
| - o.o
T 20p o oo o |

8 - oo o... o ® o o ®® ..
= o ® o oe® e 07 o
(% 0 .OQ:O':::O.:Q :’.".; :...: .:.o :o: ° *
< ""'""";o'.’t’ 8 o,%° *® Tgome e © o
5 L) 000’.3:.0 .0..:'8: oo .:. % .:o o® S %, G
2 ® o o °e o°* , e® 200
n 5o o e L., ° o
< -20 |- L o .: .
B ® . o °
prd

-4 0L |

A S S B
0 0.5 1 1.5 2 2.5

Equatorial Pitch Angle [degree]

Figure 8. The north-south shift of the beam electrons in the atmosphere is plotted as a function
of the equatorial pitch angle of the electron. The data is obtained from high-resolution electron-
trajectory calculations in a dipole magnetic field.

Ground-based radars can also detect tharaed ionizationf the beamspot. The signal is
extremelystrong ifthe electron pkma frequency athe enhanced ionizatioregion isabove the
frequency oftheradar. Inthat case thbeamspot is overdse and there i®tal reflection of the
radar wavesoff the beamspot. Ithe electron plasmirequency ofthe enhanced ionization of the
beamspot idessthan the radar frequency, thesepartial reflection of theadarwavesoff of the
column of enhanced ionization. Calculations of tensity of ionization produced byelectron
beams similar tohtat of MIO [Ray Greenwald andlan Sojka, private communicatio] find that
overdeng regions will be produced, yieldingextremely robust radar-backsatter signals. The
technology ofdetecting thefootpoint with radar has been verified: VHF-radar detection of
beamspots after passage through the magnetosphere into the atmosphere haeeldieethe 3-
kW beams of theZarnitza-2 experimentzZhulin et al, 1980] and 40-MHz-radar detection of
beamspotsfter passage througtne magnetosphere intihe atmosphereéhave been maddor the
14-kW beams of the two ARAKS experimenitispensky et gl1980;1zhovkina et a).1980].
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MIO Footpoint Location

N@TW@@/]@W g
L S@a .‘.'q_ . r

[ded]

Muonio 0.'. Fiﬂﬂ@@@?

Latitude

éoagnk.yla ©

oL Sweden

100 km 5 J '
66 1 1 1 | 1 1 1 | 1 1 1 | 1 1 | 1 1 1 | 1 1 1
16 18 20 22 24 26 28

Longitude [deq]

Figure 9. For an example longitude that puts the MIO footpoint in Northern Scandinavia, the
approximate position of the footpoint of the MIO gun satellite in the ionosphere is plotted (blue)
for 8 cases: Spring, Summer, Winter, and Fall for Kp=0 and Kp=4. Each case shown is 24 hours

of footpoint position. The footpoints were obtained using the Tsyganenko T89 and the IGRF
magnetic-field models.
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MIO Footpoints on the Sky
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Figure 10. The approximate position of the footpoint of the MIO gun satellite in the ionosphere is
plotted (blue) for 8 cases: Spring, Summer, Winter, and Fall for Kp=0 and Kp=4. Each case
shown is 24 hours of footpoint position. The footpoints were obtained using the Tsyganenko T89
and the IGRF magnetic-field models. Shown as the circles (red) are the zenith viewing angles
for the auroral observatory in the center of the plot.

By choosing geosynchronowsbit for MIO, the magnetidootpoint of the satellite swarm
can beviewedfrom a sindge groundsite. Anestimate of theliurnal path that théootpoint of a
geosynchronous satellite makes in the atmosphere csgebeinFigures 9and 10.In each figure,
eight hypothetical diurnal paths are shown in the figure: low-KphegiatKp for Winter, Summer,
Spring, and Fall. The longitude of thdO swarm is takern this examplesuch thathe footpoint
site is in northern Scandinavia. The footpastimates are obtaindyy tracing fieldlines from the
geosynchronousquator to thatmosphere ithe Tsyganenko T89Tsyganenkol989] magnetic
field model, combied with the IGRF model. Note hat tests show thathe geosynchronous
mapping of these models can be in errosbyeraldegrees of latitudéseveralhundred km) in the
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ionosphere [e.gWeiss et al.1997]. Theactual durnal path of the footpoint will ramble in the
vicinity of the hypotheticapaths asggeomagneticconditionsvariesthroughoutthe day. Depicted
Figure 10 (red circles) athe zenith-obsrving anglef the ionosphere aauroral heights as seen
from a ground observatory at the center of map.

3.B Measuring gradients in the magnetosphere.

East-west-aligned auroradrcs correspond toazimuthally aligied structures in the
geosynchronous-orbequatorial ragnetospherd-or adipole field (which is approximately the
case at geosynchronoasbit under normafieomagnetic-activityevels),the geometric north-south
compressiorfactor owing to theconvergence of magnetic-fielshes is abouB3:1.Hence, an arc
structure that id-km thick in the north-south direction ithe ionospheremagneticallymaps to a
structure that is 33-km thick in thadial direction inthe equatoriamagnetosphere. (Asrwte, the
east-west/azimuthal compression factor is aligut.) Thicknesses of faw km in theionosphere
are the most interestirigr auroral-arc sciencélence, satellitseparations 0100 km or so in the
geosynchronous equator are most appropriate.

In Figure 11the orbits of4 geosynchronousatellites aresketched.Eachorbit is nearly
circularandhas aperiod of24 hours.Snapshots othe satellitepositionsare shownevery three
hours in the figure. Three satellite orbéie in the equatorigdlane and dourth istilted out of the
plane.Noting the 3orbits in the plane,the satellites perform a daily dan@ound each other.
Throughout the dance, the ability to measure radial and azimuthal graditbntise swarm of three
is maintained. The fourth satellite rocks above and below the equatorial plane odag, petding
the ability to measure poloidal (along the magnetic field) gradients at most times.



Daily Evolution of the 4-Satellite Configuration

each orbit has a

Bird's Eye View period of 24 hours

3 orbits in the

/equatorial plane

4th orbit tilted out
of equatorial plane

typical separations:
100 km - 5000 km

The ability to obtain radial and azimuthal derivatives is maintained

Figure 11. The diurnal dance of the 4 MIO satellites, shown every three hours. All orbits are
nearly circular with periods of exactly 24-hours. The satellite separations are shown larger
than the actual case. The radii of the orbits will be 6.6 Rg, which is about 36,000 km, and the

separations between satellites will be about 100 km.

Table 2. Typicaparameters of the electron-plasma-sheet plasngeagtynchronousrbit on the
nightside. The electron plasma sheet is the magnetospheric home of the aurora.

PARAMETER EXPRESSION VALUE
hot-plasma density n 0.75 cn®
ion temperature iT 12 keV
electron temperature el 1.5 keV
cold-ion density Bold <10%cm?®
magnetic field sength B 100 nT
plasma beta B 0.4

ion inertial length @i 260 km
ion gyroradius di 110 km
electron skin depth e 6 km
electron gyroradius of 0.9 km
Debye length ADe 0.3 km

In Table 2, typical plasma parameterdor the geosynchronous-orbitnightside
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magnetospherare listed Note that with satelliteseparations of100 km, structuressmaller than
the ioninertial length ctopi are beinglooked at. That is, the structuresbeing measured in the
magnetosphere are smaller than MHD structures.

The primary objective ofMIO is to determine how thenagnetospherdrivesauroralarcs.
The critical gradients tmeasure are listed ifiable 1. Tomeasure these gradiente satellites all
must be instrumented with (see Table@xtric-field instruments taccuratelymeasure th@lasma
flow, ion instrumentsto measurethe ion temperatureand density andthe 3-dimensional ion
distribution function, electromstruments taneasurehe electrortemperatureand density and the
3-dimensionalelectron distribution function, and magnetometers to measure the direction and
magnitude of the magnetic field. Instrument time resolutions of about 1 second are necessary, based
on a 1-km-thick arc drifting at less than 1 km/s in the ionosphere.

Table 3. A list of the instruments on the satellites in geosynchronous orbit.

INSTRUMENT NUMBERF SATELLITES PRIMARY OR SECONDARY
SCIENCE
electric field all primary
plasmaons all primary
plasma electrons all primary
magnetic field all primary
electron gun 1 primary
plasma contactor 1 primary
ion composition 1 secondary
loss-cone particle resolution 1 secondary
waves 1 secondary
energetic parties 1 secondary

3.C The Auroral Observatory.

Locating thesatellite swarmin the geosynchronougquator L= 6.6, which maps to
magnetic latitude\ = 67° in the ionospherehas severaladvantages(1l) The satellitesand the
ground observatory stay magnetically linked togettsghe Earth rotatesThis means that kot of
conjunction data betweenmultipoint measurements ithe magnetosphere andpatial-temporal
images ofthe aurora inthe ionosphere W be obtained(2) The satellitefootpointsare always in
view of a singlegroundstation. This simplifie®ptically locating thebeamspot and simplifies the
coordination of auroral images with the beamspot locaf@)nThe auroraktructuregpassover the
satellites rather than treatellites makingapid flythroughs ofthe auroraktructures. Thidessens
the time-resolution requiremerds the satelliteinstruments and also means ttia time evolution
of the auroracan bediagnosed. (4)Telemetryand orbitaldynamicsare strgghtforward. The
satellite swarnmcan becontinuouslytelemeteredrom a single groundeceiver,and in fact the
receivinggroundstatiorcan be co-locatedith the auroral observatory5) The geosynchronous
magnetosphere/auroral ionosphere is rich in phenomena. This last point will be discussed in section
4.

In Table 4the instrumentatiomequiredfor the singleground-base@uroralobservatory is
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listed. The fundamental instruments to accomplisiptimeary sciencere anoptical beam-spotting
camera and an optical all-sky camera.

Table 4. A list of the instrumentation at the single ground-based auroral observatory.

INSTRUMENT PRIMARY OR SECONDARY
SCIENCE

optical beam-spot locator primary

all-sky camera primary

radar backup to primary

scanning photometer secondary

magnetometer network sendary

ionosonde secondary

ionospheric heater secondary

wave transmitter sondary

telescope sondary

balloon-borne x-rays secondary

DMSP precipitating particles secondary

The optical beam spotter is envisioned to be a CCD camera with a field of view that is on the
order of 3§ by 30 © Camera would be filtered ompromptmolecularband suctas 3914- A of
4278-A. With a 256-by-25@ixel CCD, resolution on theky of about0.5 km will be obtained.
With atemporal pattern o¢lectron-gun firingsuch aseam on, beam off, beam on, beam off, a
series images of the vicinity of the sky where the beamspot is expected taiebe timedwith the
satellite beam-firing sequence plus@35-second delay tcountfor beampropagation from the
geosynchronougquator to theonosphere Consecutivebeam-on and beam-off images will be
differenced tdook for the beamspotWith a 10-kWbeam,beam-on and beam-oiifitervals with
durations of aboud.5 secondare envisioned to pduce sufficient photonstatistics to discern the
beamspot from amuroral-airglowbackgroundwithout having toomuch temporal change in the
aurora itselffrom image to imagdsee Appendix A). In addition tolocating the beam spathis
camera would be used to put the beamspot into the context of auroral structures.

As shown in FigurelO, a sigle ground station carnview the magnetic footpnt of the
geosynchronous swarm of satellitesthe figure,estimates of the diurnahotion of the footpoint
of a single satellite isshown foreight cases: low-Kp andhigh-Kp for Springequinox, Summer
solstice, Fallequinox,and Winter solstice. Alongitude puttingthe footpoints inthe Northern
Scandinavia region was chosen &nttl lineswere tracedrom the geosynchronousquator to the
upper atmosphere usirtige Tsyganenko T89 anisRF magnetic fieldmodels. Oncehe location
of the magnetic footpoint of thgun satellite isexperimentallydetermined, the locations of the
footpoints of the othersatellites in the swarm will bealculatedfrom knowledge of their
magnetosperic positionsusing amagnetic-field model t@ropagatedhe inter-satellitespacings
along themagnetic fieldto the atmosphere. Some thinking will go into buildisgch alocal-B
model, which will probably useinformation aboutthe experimentamapping of thegun and
information abouthe magnetic fieldneasured orthe satellites tdit a perturbeddipole/IGRF
model so that the model is locally correct in its mapping.
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The optical-allsky camera wouldprobably bean intensifiedtelevision camera or CCD
camera. Takig sequential imagetirough a series dfiters (e.g. white light, 3914-A or4278- A
5577- A, and 4861- A) wilbrovide information abouwtlectron andgroton precipitationregions and
crude information abouhe energy ofthe precipitatingelectrons. Athe observatory sitea single
wide-angle camera or a battesfy medium-angle camerasuld beused. Toreduce theseverity of
the slant-angleviewing of aurora that is nobverhead,outlying all-sky camerasites would be
helpful: perhaps onasite ~200 km tothe north of the observatoryand another200 km to the
south. The all-sky images of the aurora will be usegi® context tahe meso-scale images of the
aurora obtained with the beam spotter CCD camera.

As an adjunct to locating the beapot optically, HF radar that covers tlo@osphereabove
the groundobservatory coulélso beused. Radarsan put the MIO footpoint into the context of
auroral flow patterns and radars also enable Bti@ies to be made that connect phenomena in the
dayside magnetosphere to the dayside ionosphere. Radar is discussed further in section 3.A.

Other ground-baseiistrumentsareuseful toenhance the science MIO (seeTable 4,
section 4, and sectioB). Wavelength-filteredscanning photometers amdagnetometerchains
could be used to put the satellite footpointe thecontext ofproton aurora an@irkeland current
systemsyespectively.lonosondesvould beuseful toestablish correlationbetween ionospheric
parameters and magnetosphg@cameterslonosphericheaters foused onthe satellitefootpoint
would beuseful forconducting experiments imagnetosphere-ionosphere coupling gnound-
basedwave transmitters operatingnderthe satellites footpoint would beseful for conducting
experiments on the transmissiwavesthroughthe ionosphere anthe propagation ofvaves in
the th magnetosphere (seets®mt5). Ground-baseduroral telescopes pointatto their magnetic
zeniths would beuseful for studyingthe fine-scalestructure ofdiscrete aroras andcorrelating
these structureswith phenomena in the agnetosphere. Balloon-borneray imagers and
conjunctionswith DMSP-satellitemeasurements gbarticle precipitation would beuseful for
correlating magnetospheric-generataonditions with the conditions of the auroral-electron
accelerator above the atmosphere (see section 5).

In Figure 12, the Northern-Hemispherelocation of the magnetic foatmt of
geosynchronous-orbihagnetic-fieldlines areshown, thehigh-latitudecurve being thelocal-noon
positions of geosynchronous-orbit &t longitudes andhe lower-latitude curve being thelocal-
midnight positions for high-Kp othe geosynchronous-orbfbotpoints forall longitudes. Some
longitudes, such as central Alaska or nortt®&sandinavia are advantagedmsiocating theground
observatory over others. particular, Scandinavies extremelywell instrumentedwvith networks of
all-sky cameras, high-resolutisonosphericradars,onosphericheaters, magnetometer chains, and
more.



24

= - " i - §

=Tt e kN alddal=ldalsinalaidaidizci el s e lalaibi ral=1=
Ao OSTaNIONa ."Jl'l M = LA LS L L Wl Qnoituades

.-
'] l:x-"\-.-' AOSE O e aTatal e |:'-.-"\- Falal
L e e A A Ll A A4 L
o,

. - -

=Y -] I:“" f_.-ll:.;.-\.,l'l A

it b L, S N

Figure 12. An indication of where geosynchronous footpoints lie geographically. The upper red
curve is the location of magnetic footpoints connecting the geosynchronous-orbit equator to the
ionosphere for local noon Kp=4 and the lower red curve is the footpoints for local midnight
Kp=4. The footpoint locations were obtained with the Tsyganenko T89 and IGRF magnetic-field
models (courtesy of Reiner Friedel).
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4. Other Science

The geosynchronousmagnetospherg(L=6.6) and its conjgade auroral ionosphere
(invariant latitude\= 670) are rich in phenomena. Trable 5 theregions ofthe magnetospherthat
are seen by aatellite inan equatorialgeosynchronousrbit are lised, alongwith the typicallocal
times thathose regionsire seen each day. Takctron plasmaheet iswhere one finds auroral
arcs, butother phenomena around in other regions. Among the phenomena seen in the
geosynchronous equator are aurorbsgum injections, dastorm stretching and dipotzation, Pc
oscillations, plasmaspheric drainag#gumes, ionospheric ionoutflows, and atmospheric-source-
cone electrolbeams Among thephenomenaeen inthe A= 67° conjugde ionosphereare aurora
(arcs, diffuse, proton, black, patcheg;.), electrojetsjonosphericoutflows, the mid-latitude trough,
subauroral ion drifts (SAIDs), and F-region ionization patches.

Table 5.Regions ofthe magnetosphere thate seen by satellitegith equatorialgeosynchronous
orbits. Thelocal timesat which those regionsire seerare notedor typical daysand for unusual
days, where unusual can be extremely quiet or extremely active times.

REGION SEEN AT LOCAL TIMES| LOCAL TIMES
GEOSYNCHRONOUS (TYPICAL) (UNUSUAL)
ion plasma sheet/partial ring current all all

electron plasma sheet nightside none
electron trough dayside dayside
outer radiation belt all all
plasmasphere dusk all
magnetosheath none dayside

In addition to theaurora-aragenerator, the MIQnission will prove to be ainique facility
for studying(A) magnetosphere-ionospheareupling, (B) the causes obther types ofwurora, (C)
the feedback ofhe aurora ornthe magnetospherend (D) field-line-mappng dynamicsVarious
aspects of those four topics aescribed in théour subsectiondelow. Some studiesnay require
changingsatellite separations (se€able 6) inthe magnetospherepmemay require secondary
instrumentation on one satellite (see Table 3) and/or at the ground observatory (see Table 4).
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Table 6. For various phenomena tNHO caninvestigatethe direction of the gradient toeasure
and the necessary satellite separations at geosynchronous orbit are listed.

PHENOMENON GRADIENT TO | SATELLITE

INVESTIGATED MEASURE SEPARATION
Primary Science Objective

Auroral-arc generator radial ~100 km
Secondary Science Objectives

Launching Alfven waves out of plane 1000-5000 km

Driving field-aligned currents | radial various

Driving Region-Il currents radial ~5000 km

Structure of field-line resonancesadial 1000 — 5000 km

Convection E-fieldshielding radial ~5000 km

M-I flow slippage single satellite 0

Driving of ionospheric outflows, single satellite 0

Sub-auroral ion drifts (SAIDs) | radial 1000-5000 km

Diffuse aurora driving single satellite 0

Proton aurora driving single satellite 0

Cause of pulsating aurora single satellite 0

Mapping to auroral pates radial + ~500 km

azimuthal

Cause of black aurora radial ~100 km

Dynamics of M-I connectivity | single satellite 0

Magnetic shear across arcs radial ~500 km

4.A Magnetosphere-ionosphere coupling.

With its ability to unambiguously determitiee ionospheridocation ofthe magnetospheric
satellite’s magnetic foghoint and thus to coordinate magnetospheric anibnospheric
measurements, MI@rovides a uniquéacility to study magnetosphere-ionosphere coupling. An
extensive list of magnetosphere-ionosphere-coupling questions that can be addressed with MIO can
be generated.

With its multiple satellites in themagnetosphere andith ground-basednagnetometer
chains providing information about currents in the ionosphereT@ae 4),MIO can discern how
the magnetosphere drives field-aligned current systems that close in the ionosphere. With the use of
the fourth (out ofequatorial planeyatellite (see Figure 10)MIO can investigateAlfven-wave
propagation andan digernwhat inthe magnetosphere launchesu&h waves inthe auroral arc
current system. Bymeasuring flows inthe ionospherewith radar and comparingvith flow
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measurements in the conjugate magnetosphere, the question of whootesstsion inthe auroral
zone — the ionosphere thire magnetospherecan beansweredwith implications as tavho drives
whom convectionwise. lonosphericparticle outflows into the magnetosphere as seen on the
equatorialsatellites, carbe correlatedwith auroralimages,jonosphericflows, and magnetospheric
conditions toinvestigate whakind of auroralead tooutflows and tothe connection of outflows
with frictional heating. The connectidretween aurorahotions and magnetospieflows are also
straightforward toinvestigate. With wide satellite seprations, themechanismsacting in the
magnetosphere to shdethe convection electridield (e.g. Aliven layers, the plasmapause,) can
be discerned. Othequestions such dsvhat in the magnetospherdrives subauroral ion drifts
(SAIDs) intheionosphere?”what is the radialstructure ofa field-line resonance?”and “do
auroral-arc equipotential structures extend to the equator?” can be answered using MIO.

4.B The cause of other types of aurora.

With MIO, examining the various magnetospheric conditwhen the satellite foogint is
in the varioustypes of aurora istraightforward.These typesre listed inTable 7,along with
outstanding issues associated with the causes of these aurora. The issues kditbeé addressed
by MIO, although secondary instrumentation on one satellite may be required (see Table 3).

Table 7. Outstanding issues that MIO wiltlaeks that are associatsih thecauses othe various
types of aurora.

TYPE OUTSTANDING ISSUES THAT MIO WILL ADDRESS

Diffuse aurora What ithe source of electron pitch-angle scattering?

What controls the size of the electrostatic loss cone?

Proton aurora What the cause of the proton pitch-angle scattering?

! i What controls the proton pitch-angle scattering?

Pulsating aurora Whanodulates the pitch-angle-scattering rate?

“ K What modulates the size of the electrostatic loss cone?

What else goes on in the magnetosphere?

Drifting patches What magnetospheric features map to the patches?

What in the magnetosphere matches the velocity of the patches?

Black aurora What causes the occurrence of black aurora?

“ ” W hat magnetospheric features map to black aurora?

4.C Quantifying the feedback of aurora on the magnetosphere.

The several types of aurora can have diffeefigcts on thenagnetosphere. Ihable 1, the
differing mannersof feedback orthe magnetosphere of auroratcs forthe differing generator
mechanismsthat may operatevere listed. To discernthe feedback of theaurora on the
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magnetosphere, the tineyolution of themagnetospheriplasmas will beexamined in conjunction
with the various types @furoral activity: arcgiffuse aurora,protonaurora, pulsating aurora, black
aurora,and auroral patches. &pfically, auroral activity will be correlatedwith conjugate in situ
measurements of (garticle lossedrom the electron lasmasheet,(b) particle lossedrom the
outer ringcurrent/partialring current, (c) ion pressurerelease,d) electronpressurerelease, (e)
heating and cooling of thelectronand ion plasma sheetd) increasesor decrease®f particle
anisotropies, (g) ionospheric upflow of iango the equatorial magnetosphewnd (h) ionospheric
upflows of electrons into the equatorial magnetosphere.

4.D Field-line mapping dynamics.

Eledron-pedra-matching testsbetween maggetospheric and lowatitude satellitesindicate
that magnetic-field mdelscan besurprisingly bad at pedicting the magnetic-fieldconnections
between thenagnetosphere artle ionosphere [e.g-Hones et al.1996; Weiss et al1997]. The
reasons for the mapping by models being in error are not known.

MIO will provide unambiguous tests of oumagnetic-fieldmodels. Thescope ofthe tests
would be larger, particularly radar isused tolocate thebeamspot, enabling magnetic-field-model
tests to benade at all localimes. Suchtesting couldead to improvements inur magnetic-field
models, particularly in theegions of the outedipole, theouter radiatiorbdt, the ring current, and
the partial ring current.

With MIO, the temporaldynamics of magnetosphere-ionospheo®nectivity could be
systematally studiedthrough substornphasesand throughring-current andpartial-ring-current
growth anddecay. Correlationsbetween changes in themappings with such quantities as
magentospheric plasnfiaeould be made.

The effects of auroral field-aligned currents and auroral perpendicular flows on the
magnetic-field connections between themagnetosphere andnosphere could be studied,
ascertaining such quantities as the total amount of magnetic shear across auroral arcs.
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5. Facility Use and Campaign Possibilities

The Magnetosphere-lonosphe@bservatorycan beused as dacility by the ionospheric
and magnetosphericommunitiesjts mode of operatiowan be changed tiocus on pdicular
scientific studies that may arisend MIO can beused incoordinated campaigngith instruments
fielded by the communities.

An example of facilityusewould be chaging the satelliteseparations tgtudy a pdicular
science issuesuch aswidening theseparations tstudythe shidding of convection electridields
(see Table 6).

Another example of facilityuse would be changing therbits so thathe diurnal dance
(Figure 10) results in radialignmentwith multiple radial separations othe satellites on the
nightside to allow simultaneous multiple-scalesize gradients to be observed.

And another example of facility use would be to chathgeslectron-gun operations gbat
“burst modes” could betriggered fromthe ground observatorywhen particularly iréresting
auroral activity is ongoing or when particularly interesting auroras are crossing the footpoint.

By fielding ground-basedinstrumentation at the auroradbservatory or byusing
conjunctiondatawith other satellites,MIO can beused incampaignsfor additional scientific
studies ofthe aurorathe magnetospherand theionosphere. Six examplese given inthe six
paragraphs below.

By fielding balloon-borne-ray detectorsunderthe ionospheric footpoinand/or byusing
DMSP overflights of the ionospheric footpoiimformation abouthe energy spectra arftlxes of
auroral electrons can lmbtained, allowingcorrelations tdoe madebetween theproperties of the
auroral generatafas measured byhe MIO satellites) andhe voltageand current othe auroral
accelerator (as analyzed from low-altitude electron-flux information).

Analyzing the data from groudshsed magnetometehainsallows correlations to benade
between magetosphe magnetic-fielddistortions fromdipole geomey (stretching andwisting
as measured byhe MIO satellites) andonospheric closureurrents (asdeterminedfrom the
magnetometer chains).

Fielding ground-based optical telescopised into théocal magnetic zenith in theicinity
of the ionospheric footpoingallows correlations tobe madebetween thepresence ofiltra-small-
scale auroral structure and the conditions irctilgugate magnetosphere (as meashyetthe M10O
satellites).

Operating ionospheric heaters at the ionosplieoipoint allows theeffects of ionospheric
perturbations such as the lofting leatedelectrons andhe resulting amtpolar expansiorplasma
from the topside ionospherimto the magnetosphere to lwkagnosed fronthe magnetosphere by
the MIO satellites.

Fielding ground-basedwvave transmitters to launch ducteslavesfrom the ionospheric
footpoint into the magnetospherallows studies to bemade ofwave transmission through the
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ionosphere and okave propagation irthe magnetosphere, M1 O carries gplasma-waveletector
(see Table 3).

Fielding high-resolution wavelength-filtered cameras to lodkeaMIO beamspot in both a
prompt emission line (3914-A or 4278-A) and the delayed emission line 557 &#roic oxygen
allows one tousethe MIO beam taptically tag theneutralatmosphereand measuré¢he neutral
wind velocity at the altitudes of the optical beamspot.
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6. EPO Themes

The MIO mission will bea resource forcontributions tothe EPO themes'seeing the
invisible”, “magnetic fields”,“coupled system”and“scales”. Aurora is thestuff of legends in
the northerrcultures,appearing aawesome movingtructures irthe atmosphere butreated very
far away. There is aaccurate camectionoverlong distancesia the Earth’s magnetic field out in
space between the aurora and its distant cause. Below are some examples of EPO themes.

Seeing the Invisibleln the classroom youwcan use ironfilings to trace out the invisible
magnetic-fieldlines around adipole magnet toseewhere the fieldines connect. If currents are
turning on and off near the dipole, “where the field lines go” will changsep#ége, magnetitields
connect things together. For understanding cause and effect in space, kibatingconnected to
what is crucial. In the magnetosphere-ionosphere system the iron-filings trickgsacital so we
usethe MIO electron gun as a tbto trace outhe magnetic-fieldines to seavhere theygo. With
changing currents out ithe magnetosphergyhich areuncontrolled,“where the field lines go”
changes. It will be explained to the students and teachers thmotivationfor NASA to go to the
extremeeffort to fly this gunis because it is thenly way to determinewhat is magnetically
connected to the upper-atmosphere auoras, i.e. it's the only way to see what is making auroras.

Magnetic fields In space, magnetiftelds connectthings together. Magnetic fields also
guide theorbits of charged partigls. By firing anelectrongun along the diretion of thelocal
magneticfield, the beam ofelectrons followsthe curved magnetidield lines and hitshe upper
atmosphere, making an optically detectable spot 0.35 seaftadthe beam fireS he electron gun
out in space is natimed at théearth, but is aimeth the direction that the magnefield points.
This direction, which changes, is determined by onboard magnetic-field sensors.

Coupled SystenThe magnetosphesnd theionosphereare a coupled system, coupled by
the magnetic field connection. Whére auroral imageat the satellite footpoinin the atmosphere
change, there should be a changéhemagnmsphereA particularly clear example would be the
edge of thediffuse auroracoming over the foopoint from the north in the late evening;
simultaneaus with this the hot-electrompopulation ofthe edge of the electroriagma sheet in the
magnetosphere sweeps radially inward over the satellltesexample halseen successfulliested
with an all-sky auroral camera located east of Fairbanks, Alaska and a geosynchronousihtellite
anonboardelectron detectorJuszcynsky et all998; Shum et al.2000]. A more-sophisticated
example of the couplednagnetosphere-ionosphere systemould be to seeeither the
magnetosphere dhe ionospheradynamicallychangeand then aminute or sdater see the other
react to that changshowing acause-and-effect ithe magnetosphere-ionosphesgstem.(The
minute-or-so timedelay corresponds tthe Alfven-speegropagation oklectricalsignals through
the magnetosphere.)

ScalesExample 1. The electron beam travels abo®00 km in ditane fromthe satellite
to the atmosphere to make a begpot thatis only about 30-meteracross.This isbecause of the
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very precise guiding of the beam electrbgghe magnetic fiéd. If this were to bescaled down so

that the flight distance was only 1 km, then the beamspot would be 0.6-mm wide, which is about the
size a periodh this 12-poirt typeface Example 2. Therare differentscales inthe magnetosphere

and the atmospheoausedy theconvergence of magnetic-fielthes near the Earth. lthe upper
atmosphere two magnetic-field lines are relatively dogether. Those twmagnetic-fieldlines are

further apart in the magnetosphere. A north-south separation of 1 km in the upper atmosphere maps
to a 33-km radial separation in the geosynchronous eqB@d0 km from th&arth'scenter. And

a east-wet separation of km in the atmospheremaps to a 17-knazimuthalseparation in the
geosynchronougquator. Thus to measure auroragtructureswith one scale size ithe upper
atmosphere satellite separations thaare much larger than that sizaust be used in the
magnetosphere.
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7. Summary

The Magnetosphere-lonosphem®bservatory (MIO)is a mission concept high on
guantitativescience. It isdesigned to bring closure tthe important questionHow does the
magnetospheregenerateauroral arcs? Answering this question willallow us to discern the
impact that the aurora has on the atioh and dynamics dhe magnetosphergnd it will allow us
to build a comprehensive model for auroral arcs.

MIO will also solve other importantscience issues dealingith (1) magnetosphere-
ionosphere coupling, (2) the causes of other typesiaira,(3) the impacts of altypes of aurora
on the magnetosphere, and (4) magnetic-field-line mapping.

MIO has someauniqueadvantages. MIQwill truly yield magretospheric and ionospheric
measurements thaire conjugate. MIO will mduce spatial andtemporal measurements in the
magnetosphereonnected to spatiand temporalmeasurements ithe ionosphere. Lots of such
conjunction data will be obtained, and the satellites will visit interesting regions of the
magnetosphere.

Technology wise, MIO is ready.

MIO is a facility geared to the scienad the magnetospheriégpnospheric,and auroral
communitieswith opportunities to mountampaignsutilizing ground-basedand balloon-borne
instrumentation and other-satellite magnetic conjunctions.
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Appendix A: Optical Spotting of the llluminated Footpoint

A.1. Spot Optical Power

Dalgarno et al.[1965] quote (Hartman andHoerlin) thatthe efficiencyfor converting
electron beam energy in 3914A photon energy (at low pressures) is abouf%.lkxml example,
a 10 kilowatt electron beam will pduce 30 watts of 3914-A emission irthe atmosphere. This
estimation of the beam-spot optical powgbgtneglects the effectsf backscattering of thbeam
electronsoff the atmosphere, which remowesergy (power)hat would beavailable toexcite the
optical emissionsAbout 15% of the beamenergy is not depositeid the atmosphereowing to

backscatter back into space.

A.2. 3914A versus 4278A

The first negativeband of I\b+ (which is excited when an jNmolecule is ionized by the
passage of a faslectron)has headsiear 4709A(0,2), 4278A (0,1), and 3914A(0,0) [Stewart
1958]. Green and Bart{1965] havethe calculatedelative intensitiesfor thosethree bands at
11:38:100respectivelyfor excitation by30-keV electrons. (These ratishould bemore-or-less
independent of thelectron beam energy, provided the bearargy isaboveabout500 eV.) This
means thaB914A is100/38 =2.6 times as bight as 4378AFor example, ifthe beanspot is 30
watts in the 3914-A band, then it is about 11.4 watts in the 4278-A band.

Although longer-wavelength opticgbhotonsare transmittedthrough the air with little
attenuation,shorter-wavelength opticgthotonsare not (seefor instance,Figure 3 of Prueitt
[1963]). Theintensity | of light ast propagategan bedescribed by | = de_KX, where X is the
distance (sea-level equivalenthés propagated andis the attenuation coefficient. Thalue ofk
depends onhe wavelength othe light and onthe amount ofaerosols inthe air. If there are no
aerosols, thethe attenuation is chiefly owdd Rayleigh scatteringzor 3914-A light, k = 0.044
km'1 for no aerosolsHenndorf 1957; ITT, 1977], i.e.for Rayleigh scattering.For a vertical
propagationthrough 760 Torr ofair, which is about 10.3 km of sea-level-equivalenair, the
attenuation coefficient is_%'453: 0.635, which is #ss of 36%of the photonsowing to Rayleigh
scattering. At awavelength of 4278Athe Rgyleigh scattering isless severe (the attenuation
coefficient goes as)\_4). The scatteringoss is more severefor airglow that is notvertically

overhead because of the passage througyle air. The amount of Rayleigh-scatteratghospheric



attenuation of 3914-A and 4278-A emission coming ftobentopside othe atmospherare plotted
asfunctions ofthe viewing anglefrom the zenith inFigure 12. Ascan be seemut to aviewing
angle of 60, the differencén attenuatiorbetween the two wavelengthsasly 30% orless. With
the presence of aerosol)e attenuationncreasedor both wavelengths [sedfor instance,ITT,
1977], but the increase is greater 4278A so hat thedifference inattenuationbetween the two

wavelengths lessens.

100_ ! I ! I ! I ! I ! I ! I ! I ! I
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Figure 12.The attenuatiorcoefficient for3914-A and4278-Alight passingthrough theentire atmosphere to the
ground, plotted as a function of the ground viewing angle (slant angle) from vertical.

A.3. Dimensions of the Optical Spot

Particle-trajectory simulationsiererun for magnetizedelectronsprecipitatingonto the top
of the atmospheraundergoingangular scattering and dE/dx enelggs inthe atmospheric gas
using the methodology outlinedn Appendix 1 ofBorovsky et al.[1991]. The energy from a
"point" beam is deposited inta@l cylinder aigned alonghe magnetic fieldvhich emitsphotons
owing to air excitations. Irigures 5, 6and 4the vertical, horizontal, and cross-sectional and
profiles of the cylinder of emission of a 60-keV electoeam. In these figas, thebeamelectrons
weretaken to basotropic as thegntered the top dhe atmosphere (i.ethe beamangular width
filled losscone). Ascan be sen in Figure 6the horizontal with of the beamspot is about 30

1/2

meters. The gyroradius of an electron il.&-gaussnagnetic field is de™ 1.8 m kg, where
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Erey IS the energy of the electron expressed in keViemere thevelocity is entirely perpendicular
to themagnetic fiell. For a60-keV electron thgyroradius isabout 14 meters. Asan be seen in
the figure, half of the emission comes from a cylinder iaat ahalf-width thatis about onebeam-
energy gyroradius. An emitting cylinder with this small radius will not be resolvecchynara(see
below). Note that this small half width ordpplies toemission from a line or band thatpsompt,
such as are the 3914-A and 4278-A bandssions. For a sloemission suclas5577A, smaring
of the beamspot by neutral winds will significantly enlarge the emitting reBmoysky 1993].

As can be seen in the heightfiles of the beamspobptical emissionplotted inFigure 5,
half of the beam optical emission occurs from a cylinder that is ~@kiaong themagnetic field.
This height profile does not drastically change if the beam does not fill the loss cone.

Hence, theparticle-trajectorysimulationsindicate theenergy depositiorby the electron
beam in the atmosphere produces a cylinder of optical emissibisabout7-km tall and about 7

m in diameter.

A.4. Photons per Pixel of a CCD Camera from Aurora

In this andthe following two sections, the probleof seeing a beamspot against the
background of anoderate-intensity aurorarc will be considered. The numbef photons per
pixel of aCCD camera Wl be calculatedfor the beamsource N, and forthe aurorasource

Naurora @nd it wil be foundthat the beam signal is out of thackgroundnoise, i.e. it will be
1/2

found that N\o 4™ Naurora

The background aurora itaken tohave a brigtness B, oin the emission band of
interest (i.e. in the 3914-A bandhead or the 4278-A bandhead), whers Hs expressed in units
of Rayleighs (R), with 1 R = POphotons/cr%/sec beingemitted sotropicdly from the sky,where
the cn‘? is an element of area on the sky as seen from the camera. If the aurora is a distance d from
the cameraand if thecamerdens has amperturewith a radius bper then the fraction F of the
photons emitted isotropically by the aurora in the sky that enter the aperture of the camera is

F = (Uraper) / (4md) = ol ad (2)

(Note that F is a number of the order ofE%LO 10'12.) Denotingthe focal length of théens as L,
the pixel (register) size on the CCD arrayAas .4 and the'pixel” size (resolutionelement) on the
sky at the distance d of the auroraﬁ&gky the conservation of angles through the lens gives

MXeed! L= DXy / d : (2)
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which gives
d=1L AXSky/AXCCd . (3)
Using this expression to eliminate d in the above expre&sidf) and using thdefinition of the f-

number of the lens

=L /20 (4)
to eliminate d yields the expression
F = (1/16f) (AXCCdZ/AxSkyZ) (5)

for the fraction of emitted photons that reach the camera aperture.
The totalnumber ofphotons(in the band)emittedfrom one "pixel" of aurora irthe sky
during a timeAt is
N = Bgyrorall® At Axsky2 , (6)
where the factor of ﬁ)comes in because the brightness of the aurgra B.is expresseth units
of Rayleighs. Any photon emitted from this pixeltiog sky that hitshe aperturef thelens wil be

focusedinto the appropriate pixel(register) ofthe CCD array. Hence, thenumber ofphotons

Naurora€Mitted bythe aurorathat go into a pixel of th€CD camera is given by N, . ;5= NF,
which is
N = 1P At ax, 2 F @)
aurora aurora sky
Using expression (5) for F in expression (7) yields
Naurora™= Baurora (165/ 1612) Achdz' (8)

For anexample, dairly bright auroral arowith atotal (all-wavelengthshrightness of 70-100 kR
(kiloRayleighs)will be taken. If thetotal brightness ofthe arc is70-100kR, then the3914-A
brightness is B ,..5= 15 kR Palgarno et al, 1965; Omholt, 1971]. If onpixel of theCCD has

size of Ax 2x10'3 cm [Photometrics 1990], if the fnumber ofthelens is f = 2, and if the

ccd =
exposure time is taken to ¢ = 0.5 sec, tha the number ofphotonsper CCD pixel owed to the

bright background of aurora is;N,orq = 470 photons.

A.5. Photons per Pixel of a CCD Camera from Beamspot
As wasdiscussed irSection Cabove,half of the optical power 52, of the beamspot is
emitted from a cylinder that has a heightof about 4 km and radius of afew meers.For pixel

resolutionAx,, on the sky that is a fraction of a km, the radius of the cylinder will nog¢dmved

y
but the heightwill. In that casethe opticalpower emitted per sky pixel thatcontains part of the



beamspot cylinder is
Ppixel = O.5I%ean43xsk)/(Ah sig) , 9)

wheref is the viewing angle to the pixel in the sky pixel as measured froretheal diection and

where the factor of 0.5 accounts foe fact thahalf of thebeam powers emittedfrom Ah. (Note

that this expression breaks dowrtta vertical wherethe unresoled beamspagoesinto only one

pixel, i.e. is valid onlyfor Axg,,.

y
from the portion ofthe beamspot cylinder thatsides in onesky pixel is [0 =

> Ah sinB.) The total ratel] of photon emission (&ropically)
I:)pier/Ephoton
where thotonis the energy od singlephoton.For 3914A, Ephoton: 3.17 eV = 5.1x1'012 erg.
Using expression (9), this rate is

0 = (05R)eant Ephoton) (8xsky/ (@ sir®) (10)
which has units of photons/sec. The brightnegg B.(in units of Rayleighs) othe unresolved
® Diaxg, 2

y
comes fromthe definition of a Rayleiglisee Section Cabove).Using expression

beam (i.e. the beam brightness diluted into askyl pixel) is Byoqm= 10 , Where the

factor of 106
(10), this is

2

Bpeam™ 10-6(0'5%ean4Ephotor) (Axsk)/ (ah Sirﬁ))Axsky- (11)

As an example, taking 2 5,,,;= 30 Watts = 3x1% erg/sec, Ehoton: 5.1x10'12 erg,AxSky =0.5
km = 5x1(f' cm,Ah=4 km = 4x1(§ cm,and@ = 300, expression (11yields anequivalent beam
brightness in the pixel of B, .= 2940 R at 3914A. In these pixels, the beamspot is &f8Gtas
bright as the moderate-intensity arc considered in Section D abgyve (B= 15 kR at 3914A), but
it is significantly brighter than the diffuse-aurora background, which is 1 kR or less in 3@t
present@mholt 1971].

The number ofphotons ., that the beamspot contributes @ pixel (register) of the
CCD camera is given by expression (8) wiif,.B,substituted for B ;.54
Npoam = ByeamAt (10°7167) Ax 2. (12)
For anexampletaking B,o5m= 2940 RAX cq= 2x10‘3 cm, f = 2,and At = 0.5 sec, then the

number of photons per CCD pixel owed to the beamspgf s I\ = 92 photons.

A.6. Comparing the Beamspot Signal to the Auroral Background
For the examplegarametersised inSections D and Ehe number ofphotonsper CCD
pixel for theauroralarc wasfound to be N .. = 480 photonsandthe number ofphotons per

CCD pixel for the beamspetasfound to be = 92 photons. Fothesevalues,the desired

'Beam

39
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1/2
aurora

example parameterggiven, the beamspot can be discernibleven gainst abackground of a

condition '\beam> N discussed irBection D is 92 > 22vhich is met. Hencefor the

moderate-intensity auroral arc in the sgmeels. Takinginto account thathe beam will make a

coherentmulti-pixel streak of enhancecbunts ineachpixel, andusing beam-on beam-ofimage

comparisons, the seeing of the beamireggaan auroral-airglovbackgroundoecomes moreertain.

1/2
aurora

would still be satisfiedFor instance, if theCCD efficiency € for detecting gphoton is 50%then

If a realistic photorefficiency of theCCD camera is included, the > N condition

and N, ,rorg@re both reduced by 0.5 sq N, .Jbecomes 240 counts ang)l\, . .becomes

1/2
aurora

Defining the “goodness” G of theeamspot signab thebackgroundauroral signal as G

= NbearﬁNauroré;L/Z’ with G >> 1 being desirable, expressions (12), (11), and (8) combine to give

_ 4 1/2 1/2, 1/2
G = 1.25x10" (Pyaqn TBayrora. ) €

X(llEphotonAh SIMB) (AX o fAsky)(1/f) , (13)
where the CCD photon efficieneys included into theexpression. The units to use in expression

I\lbeam

46 counts. In that casg,N, (/N = 46/15 ~ 3, which is considerably above 1.

(13) arecgs(i.e. ergsandcm), withthe auroral brigtness B, ., jexpressed in Rayleighs. Two
parameters iexpression (13are notvariable: thotonandAh. As can be seefrom expression
(13), choosing acamera thatvell reolves thesky (decreasingAsky), thathas a low f-number

(decreasing f), and that has CCD pixels tied together (increasing) are desirable to increase G.
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Appendix B: Beam Divergence and the Loss Cone

B.1. Introduction

The mainobjective ofthe electron beam on MIO i®r the beam tdeavethe gun on the
satelliteand deposit itkinetic energy intothe upperatmosphere ahe magnetidootpoint of the
satellite. To deposit its energy the atmosphere, tHeammust be shointo the atmospherioss
cone. This inelvespointing the beam inthe rightdirection, and ensuring thahe beamkeeps a
narrow angular spread so that it fits into the loss cone. One hmaifation on ke@ing the angular
divergence of the beam small is owedhe fact that the beahas a nnzerospacecharge, which
produces a radialectric field,which causeghe chargedeam toexpandradially asit propagates
through space. This radial expamsgan be surprisihg strongand it changethe pitchangles of
the electrons in the beam. tinis writeup, the angularspread othe propagatingpeam in the MIO
mission will be calculated and compared with the size ofab&cone. The goabf this exercise is

to adjust the parameters of the beam such that it fits into the loss cone.

B.2. The size of the loss cone
At geosynchronous orbit near the equator, the magnetic-field strength is typically about 80 -
120 nT, which,with 1 nT = 16° gauss,is 8104 - 1.2x10° gauss [Fairfield and Takahashi
1991]. On the dayside threagnetic field is typicallystrongerthan it is on the nightside owing to
the compression of the magnetosphere on the dayside and the stretchirtgilirio the nightside.
The magnetic-fielastrength athe Earth in thewroral zone idypically in therange of0.5 - 0.6
gauss
[e.g. Fig. 4-11 ofJursa 1985]. The half-angl@é of the loss conas seen frorthe geosynchronous

equator can be expressed
2

B
sing, = 0220 1)

atmosL
as e.g. expressiof60) of Alfvenand Falthammaif1963], where Pequatis the field strength at
geosyrﬁhronous_%rbit andyBnodis thefield strenghin the atmospher%Usingothe ranges %quat
=8x10 -1.10 gauss and Byos= 0.5- 0.6 gauss yields. = 2.1 - 2.8 for thehalf-angle
of the loss cone as seen from the geosynchronous orbit. On the nightsiderbfttibeloss cone

is toward the smaller end tifis range, an@n the dayside ofthe orbit, theoss cone is toward the
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larger end of this range.

B.3. Beam-Propagation Effects in Vacuum

After the electron beaneavesthe gun, the beamvolvesbecause ofeveraleffects. In this
section, the effects that will be included for a beam that is fired along the Baatinetic field B
are: (1) the electrostatic radial expansion of the beam owing the space charge of the bear?l, (2) the v
X B o Lorentz force owing to the of the beam expanding across the Earth's magnetTc fie@)B
the pinch force owing to the Beani‘g selfLorentz force of the azimuthal selfagnetic field B
selfof the beam, and (4) the relativistic-mass effeuth retards the transveraecelerations of the

beam electrons. In this section the beam will be assumed to propagate through a vacuum.

The electrostatic expansion bktbeam in vacuum is associateith the radialelectric field
E; arising fromthe charge of the bearor a longcylindrical beam,the radialelectricfield in the
vicinity of the beam is given by (in cgs units)

_Q2
E = (2)

where Q/L is the charge per unit length of the bedarior to the radius Taking r tobe theradius
of the outer edge of the beam, Q/L is thaltoharge per unit lengthf the beamFor a beamwith a
current hegmand a velocity Yoqm the charge per unit length of the beam is

9 — _beam (3)

E = beam ( 4)

Vbeamr

The electrostatic force fe on an electron (with charge e)taé edge of the beam is E= eErF ,
which is

'EE - 2e|beam ] (5)

Vbeamr

radially outwards.

As an electromgains a rdial velocity owing to electrostaticepulsion, the vxB Lorentz
force of the Earth's magnetic field will charte direction of thelectron, tendingo turnthe radial
velocity into an azimuthal velocity and then turning that azimuthal velocity into a vatbalty, and

so on. This Lorentz force will limit and then reverse the expansion of the beam.
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As will be seen belowthe time toturn the expansion arounthto a contraction is approximately
one-half of an electron gyroperiod in the Earth's magnetic figiech for a mildly relativistic beam

and a field strength of 100 nT is about

1.8><10_4 sec. For abeampropagating alonghe Earth's magnetic field B o the Lorentz force

associated with the radial and azimuthal velocity of a beam electron is

Fro="

mag

V xB (6)

(0]

olo

The current | yggmof the chargedbeamproduces arazimuthal magnetidield (the self

field) Bggjswith a strength at the outer edge of the beam that is

2|
By = —2e2 (7)
cr

where r is the radius of trmuter edge othe beam. Aeam electromoving with an axial velocity

Vpheamacross this azimuthal self field sees a radially inward Lorentz force

IE — _2evbeam I beamn/ (8)

pinch — C2 r

which isknown as theinch force Miller, 1982]. For an unneutralizdseam,the radially inward
pinch forceis alwayslessthan the radially outard electrostatic-repulsioforce. This is seen by

using expression (5) and (6) to form the ra@Hf)inch which gives
FE _ Vbeam

= 2 (9)

pinch c

which must always be less than unity.

Since it maybe the case thaj¥ymis not extremely smalcomparedwith the velocity of
light c (e.g. for a 10(keV beam, yagpic = 0.625), theequations of motiorfor beamelectrons
undergoingthe electrostatic-repulsioforce, the Lorentz force, and the pinch force will be
formulated relativistically. The equation of motion can be written {(&addstein 1981]

d ~ — — -
a(ym V) = I:E + I:mag + I:pinch (10)

wherey = (1 —[32)_1/2, where3 = v/c, where v is the total velocity of a beam electron. Denoting the
transverse velocity of a beam electron as v,

for v << \hegm B = VpeanC- If the transverseelocity remans small comparedvith the beam
velocity Vhegm(i-€. if the divergence angle remains small), then?l(léy/dt) term can be neglected
comparedwith the y(dT/ /dt) term onthe left-handside of expressioi(10), andexpression (10)

becomes
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E - Fy IEE + IE’mag + IEpinch (11)
For 0< €jegms 100 keV, the value of gamma is¥ < 1.28. The second equation of motion is
dx _ .
—=V 12
ot (12)

For acylindrically symmetric electrobeam,the equations of motior§11) and(12) for an
electron at theuter edge of thébeam are computationally solvedth a simple finite-difference
scheme in doublerecision,reducingthe timestep until no change in accuraegults.The faces
going into expression (11are obtainedrom expressiong5), (6), and (8). Effects that are not
included are (1) any non-azimuthal symmetry tobisam, (2) theurvature of the E#r's magnetic
field, and (3) dynmic shielding of the beam by tHeackgroundmagnetospheric plasmérhe
dynamic shielding isliscussed irthe nextsection.) Tle results ofthe computations ardisplayed
in Figures B1-B7. Most ofhe computationswill deal witha 10-kilowatt beam thabas arenergy
Epeam™ 60 keV (which means &elocity Vyegm= 1.45<10:LO cm/secand arelativisitic factory =
1.14, a currentegny= 0.166amp, aninitial radius f = 1 cm, propagating along magnetic field
B = 100 nT = 1x10 gauss.

In Figure B1 the radiug,p5m(left axis) andradial velocity \yegm(right axis) ofthe outer
edge of the beam is plotted asuaction oftime. The initial perpendiculanvelocity (as the beam
exits thegun) istaken to be zercAs can beseen, very ragdly the beampicks upa substantial
perpendicularvelocity owing to the electrostaticepulsion ofthe beamelectronsand thebeam
begins to expand in radius. Tagpansion is halteandreversed bythe Lorentzforce v xB o Of
the electron motion across the Earth's magnetic ﬁelg Bhe expansion ialted after dime that
is slightly more tharone-half ofan electrorgyroperiod inthe Earth'sfield, wherethe gyroperiod
Teels given relativistically byt = 2rmymc/eR, [e.g. Alfven and Falthammar 1963]. For By =
1x10 gaussandy = 1.14, thecyclotron period iStyg = 4.1><10_4 se. The beam repeatedly

expands and collapses with a period that is slightly larger than a gyroperiod.
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Figure B1. From a computer simulation of the radial expansion of the MIO electron
beam, the beam's outer radius (blue, left axis) and the beams radial velocity at the
outer edge (red, right axis) are plotted as function of time.

In Figure B2, the transverse motioneosingle electron on tHeeam edgés plottedfor the
initial 9><10_4 sec of mation. The magnetic field _)BO of the Earthpointsinto the pageThe center
of the beam is at x = 0, y = 0. The directadnmotion is labeled with arrowheadsd the segential
position of the electron is labeledgth numbers - 7. Along with a perodic radial motion outward

and inward, the electron continually rotas in one directiormroundthe beam, inthe E x B 0

direction, where Eis the radially inward electrostatic field of the beam's space charge.
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Figure B2. From a computer simulation of the MIO beam, the motion of a single
electron on the beam edge is drawn transverse to the beam. The ambient magnetic
field points into the page.

In Figure B3, the number density of theam is plotted aa function oftime. As the beam
periodically increases and decreases idiug, the number density ofthe beamdecreases and
increases. When the beam is fully expanded, the density is much less ttyaictielensity of the
magnetospheriplasmas (~ 1_(1)L -1 cm_3) and when the beants fully contractedits density is
much greater than thgpical magnetospheric ehsities.Most of the time, the beandensity isless

than the ambient density.
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Figure B3. From a computer simulation of the transverse dynamics of the MIO beam,
the beam number density is plotted as a function of time.

In FigureB4, thepitch angle of an electron tie outer edge athe beam is plotted as a
function oftime. Asthe perpendiculavelocity of the electronincreases andecreases, the pitch
angle increases and decreases. As caedig theslectron spendmost of itstime at apitch angle

that is close to the maximum pitch angle.
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Figure B4. From a computer simulation of the transverse dynamics of the MIO beam,
the divergence angle of the beam is plotted as a function of time.

Electronsinternal to the bearfthose not athe outer edge othe beam) will obtain pitch
angles that are lessath the pitchangles ofthe outer-edge electrons. Figure B5the distribution
of maximum pitch angles obtained tbe distribution oklectrons inthe beam isplotted. Electrons
residingnearthe beam centdivhere, reallythere areaelatively fewelectrons) pick up onlgmall
pitch angles sinceéhe radialelectricfields are weakest athe beamcenter,and electronsgesiding
near the beam outer edge (where there are greatdsers of electrons) piakp larger pitch angles

since the radial electric fields are strongest there.
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Angular Distribution of the MIO Beam
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Figure B5. For a beam that is azimuthally symmetric, the distribution of divergence
angles of electrons in the beam is plotted. For a field-aligned beam, the distribution of
divergence angles is the distribution of pitch angles.

In Figure B6, the maximum divergence angle (= pitch angle) obtained by an electron at the
outer edge of the beam is plottechdsinction ofthe energy ofthe beam€y, o5 pfor three different
values of thedbeam power P €poqnhpeam N all cases, the initialadius ofthe beam (at the gun
exit) is I = 1 cm. As can be seen, for a given power, a higher-energy beam has a negiioaen
divergence angle (and so, a reduced spread in pitch angles). In Figure B6 the range fafnthieies
atmospheridoss cone asseen fromthe geosynchronous-orbiequator isindicated by the two
horizontal dashed lines. For the gun-emitted beam itddithe loss conghe maximunpitch angle
that the beam obtains must be less than the value of the loss cone. Comparing the top fingzontal
(2.80) with the three curves, if the beam lagsower of 1 kilowatt then thgun musthave a voltage

of greater than 27 keV to fully fito the loss conef the beamhas apower of 5 Kowatt then the
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gun must have a voltage of greater than 49 keV to fully fit intdas®cone,and if thebeamhas a

power of 10 Kowatt then thegun musthave avoltage ofgreater than 6ReV to fully fit into the

loss cone.
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Figure B6. The divergence angle of an electron beam is plotted as a function of the
beam kinetic energy for three different values of the beam power: 10 kW (red), 5 kW
(blue) and 1 kW (green). A comparison is made with the typical range of values of the

loss cone.

By running a large number elumerical calculations iwhich the beanenergy€yegm the

beamcurrent o5y the beam initiaradius p, and theambient magnetic-fieldgtrength B, were

independentlyvaried, asshown in Figure B7a-d, and thenfitting the results with curves, an

expression for the maximum pitch anfjg 4 of the beam asfanction of thosgarametergan be



obtained, which is valid in the vicinity &,cgm= 60 keV, hagm= 0.166Amp, 1y = 1 cm,and §,

=100 nT. That expression is
DE D0993D | |j523|] r U00460D B DO 0455

beam beam

keVB E}lAmpj El an Bﬁﬂ (13)

Note thatd,,5 IS relatively insensitive to theralues of g and B,. As expression (13pdicates, a

6. =5465

givenset ofbeamparameters foqm lheam @nd g corresponds to a spred&d, 5 of the beam
electrons. Sinc8ax U lpeam ", for agiven beanmenergy Beam increasingthe beam power
Pheam= EbearbeamPy increasing hegmWill increase the angulapread ofthe beam. Too
much powerand thebeamwill not fit into the loss cone. SettingB,ax = O|¢ in expression(13),
using expression (1) fo. with the small-angle approximatioB|; = (By/B5imod with
Batmos= 5.5><104 nT, andusing Ryeam = Epearhbeamto eliminate hogmin expression (13)

yields, after some manipulation and after turning degrees into radians,
899[] B |j04?1] DO 0880

~ 5 beam
Foean = 3.36% 10 kWattB kevl Bintd Fi an (14)

for the maximum beam power that can be put intoldlss cone. Since FpgmiS such a strong

function of Byegm if more poweris desiredhigher gun votages aredesired. Note also that the

initial beam radiusg has little affect on the amount of power that can be put into the loss cone.
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Scaling of the Beam Divergence Angle
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Figure B7. By varying one parameter at a time in a series of transverse-beam-
dynamics calculations, the functional form of the beam divergence angle versus the
beam kinetic energy (A), the beam current (B), the initial radius of the beam (C), and
the ambient magnetic field (D) are determined. In each panel, power-law fits are made

over the range of values denoted by the arrows.
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B.4. Electrostatic Shielding by the Magnetospheric Plasma: Reduced Divergence

The electrorbeam emittedrom the gun has avery large, negative spe-charge density.
Assodated with this nonzercspace charge dhe beam,there is a rdial electrostaticelectric field
which causeghe electrons ofhe beam to be radiallsiccelerated outwd. However,the ambient
plasma of the magnetospheamd any plasma associatedh a plasmacontactor onthe satellite
that houses the electron gun, has free chatgeh canmove inresponse tthe beamelectric field
to shieldthe space chargef the beam,lesseningthe radial electrostaticepulsion ofthe beam
electrons and hence lessening the beam divergence.

In the top panel oFigure B8, thedensity ofthe front the electron bearpropagatinginto
vacuum is plotted as a function(@garithmic) time. The parametessosen are fogm = 60 keV,
lpbeam= 0.166 Amp, §=1cm, and B = 1><1O_3 gauss.As can be seen, at earlyimes thenumber
density of the beam igrders ofmagnitude greater than tldensity (rﬂ)lasma~ 0.5 cn%s) that the
ambient plasm wouldhaveand as thdeamexpandsadially its densitydrops towell below the
density thathe ambient plasa wouldhave. Invacuum,the beam oscillageradially between high

density and low density.
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Figure B8. From a computer simulation of the transverse dynamics of the MIO electron
beam the density (top panel), outer radius (middle panel), and divergence angle
(bottom panel) of the beam are plotted as functions of time, with emphasis on early
times after exiting the electron gun. Comparisons are made to the ambient plasma
density and to the beam equal-charge radius.
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The dynamic reaction ¢fie ambienelectronsandambientions tothe beam'lectric field
occurs on dimescale thats, respectivelyrelated to theeslectron-plasmaperiod and ion-plasma
period of the ambient plasma. The quantities éinatpertinent whenonsideringhow and how fast
this ambient plasma may shield theam's space charge are #iectron plasmaeriod Tpe the
electrongyroperiodtyg the ion pasma periodtpi, and theion gyroperiod 1. For atypical
magnetospheric plasma at geosynchr_czlnous ovhith has ’g)lasma~ 0.5cm, zjlgd B ~100 nT,
these E)lertinent numbers agg, = 1.6<10  secTee= 3.6x10  sec,Tp; = 6.7x10  sec,and1g; =
6.6x10  sec. Sincep,; <<T¢; the ionresponses definitely unmagnetizedand sincetpg < Teg the
electronresponse ifairly unmagnetized. According to tletudy ofBorovsky[1988], apositively
charged object discharges dinawing inambientelectronsand these electronsitially discharge a
cylindrical object in aime that isslightly more thatrpe{4. Thereatfter, theelectrondischargerings
with a frequency (for a cylindrical object) that is slightly less than the electron plasmaIﬁg%ri@d
negatively charged object, suchtlas electrobeamjs dischargedvhen ambientons are drawn in
by the object's electric field, and theses discharge eylindrical object in @ime that is somewhat
more thartpi/3. In the case of negatiwbjects discharged bgns, thedischargedoesnot ring, but
rather the discharging is more-or-less complete in a time that is somewhat Ionggr/ﬂnan

The dynamic shielding of theeam by the ambient plasma is depicte&igure B9, where
the front 400 km of the beam is sketched. hbéam is propagating tbe right. As thefront of the
beam @ssesthrough undisturbe@mbient plasmathe plasmabegins to respon@wing to the
sudden introduction of the beam's radial electric field into the plasma. It takes @‘aboutrpi/S
for the ions tomoveradially inward to shield thbeam, sgortions ofthe beam that arturther
than a distanceﬂdvbean{pi/?, behind thdront end ofthe beam arshielded by a wial inflow of
the ambientons and all radial-electric-fieldeffects aregreatly reduced.One radial-electric-field
effect is the radial expansion and contraction of the beaRigime B9, this is depictday the front
portions of the beam undergoingdial oscillations at T, and thelatter portions ofthe beam not
undergoing these oscillations. (Note ttie radial displacement, which is on threler of akm, is

greatly exaggerated in the sketch.)
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Figure B9. A sketch of the leading portion of the MIO electron beam with dynamical
shielding of the beam by the radial movement of ambient magnetospheric protons
onto the beam to reduce the beam's negative space charge.

Oneimportantconsequence of this shielding the space charge tiie electron beam by
the radial inflow of ambient ionis that the radiagxpansion ofatter portions ofthe electrorbeam
will be significantly reduced. Accordingly, the divergeaogle of the lattgportions ofthe electron
beam will be muchess tharthe divergencengle of an electron beapropagating intovacuum.
This will improve the ability of the beam to fit into thess cone.For the parameters chosen, only
the first 2 milliseconds ofthe beam argvastedwith alarge divergence: theest of the beampulse
should have a small divergence angle.

At times earlier tharlpi/3, there will be a partial shging of the radialelectricfield of the
electron beam during timeghen thebeamhasexpanded to sadius that igyreater than the equal-
charge radiuscthargeof the beam in the plasma,; this is known as ion focusitigeoélectrorbeam
[e.g. Uhm andJoyce 1991; Barov and Rosenzweigl1994]. For this partial shielding,only a
response othe ambienelectrons imeeded, which is rapid, notrasponse othe ions, which is
sluggish. This shielding works as follows. As the electron beam moves irdmtiient plasma, the

electrons of the ambient plasma are pushed outatite radial electriield of the electrorbeam,
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leavingthe ambienions unshielded. Ithe ambientelectronsmove odward a sufficientdistance,
then the amount of ungfded ion spaceharge can be equal (angposite to}he charge of the
electron beam. The radial distance that the ambient electrontohmege for this to occur is out to
a distance known as the equal-chargdius Eharge This radius iscalculated by equating the
charge per unit lengthf the beam (whichasindicated inexpression(3), is equal todasAVhean

with the amount of charge per unit length in the bared ions:

ﬁ =n nplasmae r.<2:harge ( 15)
Vbeam
Solving this for Ehargeyields
2
r — E lbeam ﬁ ( 16)
charee B/beamne r.Iplas;mﬁ

For thesparameters éfigure 8 (hegm= 0.166AMpP, Vheam= 1.45<1010 cm/secand thyjasma™
0.5 cm ), the equal chargedius is Eharge™ 6.8x10 cm, asindicated in thesecondpanel of
Figure B8. Note thathe equal-chargeadius is smé&tr thanthe maximumradius ofthe electron
beamduring itsexpansion-and-contraction ag. During the full-expansionportions ofthe cycle,
the positive space chargéthebareambientions will provide aradially inwardforce on thebeam
electrons preventing them from expandmngch beyondhe equal-chargeadius. (This ighe “ion
focusing” ofthe beam.However, ascan beseen inthe bottom panel oFigure B8 where the
divergence angle of the outer portion of the beam (in vacuum) is plotted as a fundiios, dfthe
beam were tde preventedrom expanding beyonthe equal-chargeadius thernthe reduction in
divergence angle would not lgeeat. Timesvhen theradius ofthe beanexceeds thequal-charge
radiusareshaded irthe bottom panel ofigure B8.For this examplethe reduction inmaximum

0 0
divergence angle would only be from about 2®about 2.5.

B.5. Summary of Appendix B

For beam divergence, the worst-case scemapmpagation othe electron bearthrough a
vacuum where the negative spatarge of thdbeam is not neutralizeth that casethe maximum
beam-divergence andgg, 4 is given by expression (13). For varidusam powersthis maximum
divergence angle is plotted as a functibbbeam kinetienergy inFigure B6, where it iscompared
with the size of the atmospheric loss cone as seen from the geosynchronous-orbit equator.

Shielding of the space charge of theam by the ambient plasma is a complicaiextess.
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The radial inflow of ambient ions into the pattthe electron bearwhich occurs on dimescale of
abouttpi, which is on theorder of afew milliseconds, igprobably anmportanteffect whichwill

substantially reducthe divergenceangle of theportions ofthe beampulseehindthe front of the
beam. Thiseffect is skathed inFigure B9.The ion focusing" ofthe front portions ofthe beam
owing to avery fastradially outward displacement tlie ambient electrons, whidsavesthe ions

undisturbed but unshielded, is probably not an important effect.

B.6. Future Work

To investigate thgossibility of flyingan MIO electrorgun thatoperates abwer voltage
and thus save weight, a better job must be done to calculate and simulate the behavior of the beam as
it propagates through aammbient magnetospheriplasma. These calculationsand simulations
should deal with the dynamic shieldingtioé beam owingp the rapidresponse ofmagnetospheric
electronsard the slow response of mamgtospheric ionsall in thepresence othe magnetospheric

magnetic field.
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Appendix C: Electrostatic Two-Stream Instabilities

A naiveapplication ofan infinite-hnomogeneous-plasnaaalysis forthe electrostati¢wo-
stream instability wouldndicate that, aftebeam expansion, theelectron beanfrom the MIO
experiment would be highlynstable tahe prodiction of Langmuirwaves inthe magnetosphere.
Should such Langmuir waves be produced, the beam would be highly scitmwester,owing to
the finite radius ofthe expandedoeam,which is comparable to thevavelength ofthe Langmuir
waves thatvould bedriven,the growthrate of the electrostatwo-stream instability iseduced by
more than threerders ofmagnitude.This great reduction in growth makéise beam, in effect,
stable and able to propagate through the magnetospheric plasma.

For an 60-keV 0.166-Amp electron beam (which has 10 kW of poweetmavelocity is
Vpeam= 1.45x189 cm/sec. Afer 0.5gyroperiods ofpropagation(which is ata time~2x10 4 sec
in the ~100 nT magnetic field at the geosynchromaustor) the beam expan@sving to its space
charge) to aadius pegm™ 9.70x1@ cm, atwhich timethe beanhas anumber density gbam™
2.4x103 cni3.

In the nightsde magnetosphere geosynchronousrbit, a typicalelectron environment is
Nmag™ 0.75 cm3 and T~ 1.5 keV.These magnetosphenambersyield Apg = 3.3x10* cm for
the Debye Iength,u)pe: 4.02x16 sec? for the electron-plasma frequenand Vg = 1.63x18
cm/sec for the electron thermal speed.

Comparingthe MIO-beam parameterwith the magnetospheric-electroparameters, one
finds that pegm™ 3.2x103 Nmag that heanih\De ~ 2.9, and that Yyegm™ 8.9 Ve Since Pphegm
<< Nmag and \pegm™> Ve We expect the two-stream instability tave afrequencyw (in the
reference frame of the magnetospheric plasma) that-is)pe and a phaseelocity w/k that is wk
~ Vbeam

If onewere touse aninfinite-homogeneous-plasmanalysis of thisbeam propagating
through that plasma, one would conclude that the beam drives a Langmuir wave  hdsat a
wavelength of dundred-or-sdebye lengths that grows in a distance of savaundred Debye
lengths(it grows in10's ofelectron-plasmaperiods).However,owing to the finiteradius of the
beam, the beam is not so strong a driver taacctual growth of the two-stream instability is much
slower. (The growth is nonzero, but slow.) The physieason for this slowing dhe growth is as

follows. A two streaninstability is a feedbacketween avave inthe background plasma and a
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wave in the plasma of the beam. Each wave is a normal mode of that (daskground obeam).
Owing to a doppler shift associated with the velocity oftteam,the background-plasmevave and
the beam wave can be the same wave. A sinusoidal wanppsrted by a sinusoidal space-charge
perturbationwhich is abunching ofthe particles of the plasma. The two-streaave isunstable
because a bunching of the particlesred plasma leads tokainching ofthe particles of théeam,
and a bunching ofhe particles othe beamleads to @unching ofthe particles of thglasma,
producing arunstable feedbackith increasedevels of bunching inthe background and in the
beam. The finite radiusf the beamveakenghis two-stream instabilityas follows. When particles
of the beambunch up, they produce atectricfield and it is thiselectric field that causes the
particles of thébackgroundplasma to beperuturbed into durther bunching. Ithe wavelength of
the bunching is much less than the radiubefoeam, then the plansineets otharge inthe beam
give rise to a robust electric fieltlowever, ifthe wavelength issmall comparedavith the radius of
the beam, then the electric field of the bunchedm is weakened owing ¢eometricakeffects (the
field lines fringe out of the beam, etc.)and the ability ofthe bunchedoeam to perturb the
background-plasma particles is greatly weakened, lesstr@nigedback antherefore slowing the
instability.

Mathematically, thefinite-beam-radius effects othe two-stream instabilityhave been
worked out byGalvez and Borovskj1988]. FigureC.1, takenfrom Fig. 3 of Galvez and
Borovsky is relevant tothe parameters of the MICbeam in the magtesphere.The major
difference is that the parameterslwod figure are for a beadensity that i9/1000f the background
density and the case of interest for MIO is a beam demsityig21/800 ofthe background density.
This means that the driving in the MIO cas# e even weaker thathe case analyzed liyalvez
and Borovsky (the drivinggoesapproximately as Héaml/31 S0 one wouldexpect a growthlength
for MIO that isabouttwice asfar as the growthlength obtained ®alvez and Borovskyln the
figure, the pertinent parameter igehiApe ~ 3.2, Which isindicatedwith an arrow on the
horizontal axis of the graph. As can be seggsApe = 3-2the growthlength othe instability is
about 3x18 Ape With Apg ~ 3.3x1¢ cm, this is agrowthlength of about 15@Rimplying that

this instability will not be a problem for the flight of the beam through the magnetosphere.
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Electrostatic Two-Stream Instability
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Figure C.1. The wavelength (blue) and growthlength (black) for an electrostatic plasma wave
driven by a cylindrical beam. (After Figure 5 of Galvez and Borovsky [1988].

Note inthe attachedigure thatthe growthrate thabne would obtainfrom an infinite-
homogeneous-plasma analyéigiere pogm— ) would be aboutl40 Ape, Which is about 46

km. This is about 3 orders of magnitude faster growth than the finite-beam-radius analysis yields.
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